We report strongly enhanced perpendicular magnetic anisotropy (PMA) of Co films by graphene coating from both first-principles and experiments. Our calculations show that graphene can dramatically boost the surface anisotropy of Co films up to twice the value of its pristine
erally requires high-temperature processes that can induce dewetting of the thin film or intermixing between the thin film metal and its substrate. Several routes have been proposed to prepare atomically-flat hybrid interfaces that extend over large areas. For example, pulsed laser deposition of metals on graphene has been shown to be powerful to synthetize ferromagnetic metal/graphene interfaces, 8 while intercalation mechanism 27 appears as a promising approach to fabricate graphene/ferromagnetic metal interfaces. 10, [28] [29] [30] [31] [32] [33] [34] [35] A broad family of graphene/metal intercalated systems has been explored to date, including those with a ferromagnetic metal. They exhibit properties that are not found in pristine graphene, such as a proximity-induced magnetism 36, 37 or a sizable spin-orbit interaction 38 giving rise in some cases to a topologically nontrivial electronic state. 39 In these systems, graphene also plays an active role, modifying the properties of the intercalated metal compared to the case without graphene. When the metal is ferromagnetic, graphene, like carbon-based molecules, 40 was shown to affect the surface magnetic anisotropy of magnetic films. 9, 10 Besides, as an ultimately-thin capping materials, graphene passivates the surfaces of metals, rendering them almost insensitive to air oxidation. Accordingly 'graphene-passivated ferromagnetic electrodes' are considered as promising building-blocks in future spintronics devices. 19 In this Letter, we revisited magnetocrystalline anisotropy of graphene-Co structures from both first-principles calculations and experiments. We demonstrate that graphene coating on Co films can dramatically enhance the PMA up to twice that of pristine Co films value depending on Co thickness. Moreover, graphene can increase the film effective PMA and stabilize an out-of-plane magnetization easy axis ferromagnetic layer thickness up to 25 Å, which is much larger than that of the intensively studied Fe/MgO structure. 3, 41 In addition, our layer-resolved analysis reveals that the interfacial three Co layers play a decisive role in system's anisotropy and can be dramatically affected by the proximity of graphene. Furthermore, we provide the orbital-hybridization-resolved PMA analysis, from which we unveil the largest enhancement of PMA origins from a reversal of anisotropy of hybridization between d z 2 and d yz orbitals due to graphene coating on Co. Finally, based on the anatomy of Co-graphene PMA, we propose Co-graphene heterostructures stabilized by super-exchange interaction, which are demonstrated by our first-principles calcualtions to possess a linearly increasing surface anisotropy and constant effective anisotropy as a function of film thickness. Our first-principles calculations were carried out by using the Vienna ab initio simulation package (VASP), [42] [43] [44] where the electron-core interactions were described by the projector augmented wave method for the pseudopotentials, 45 and the exchange correlation energy was calculated within the generalized gradient approximation of the Perdew-Burke-Ernzerhof (PBE) form. 46, 47 The cutoff energies for the plane wave basis set used to expand the Kohn-Sham orbitals were 520 eV for all the calculations. Γ centered 21 × 21 × 1 K-point mesh within Monkhorst-Pack scheme was used for the Brillouin zone integration. The PMA calculations were performed in three steps.
First, structural relaxation was done until the forces are smaller than 0.001 eV/Å for determining the ground state of each geometries for a bare Co film [ Fig. 1(a) ], a Co film with one surface coated by graphene, Co/Gr [ Fig. 1(b) ], and a Co film with both surfaces coated by graphene, Gr/Co/Gr
[ Fig. 1(c) ], respectively. Next, the Kohn-Sham equations were solved with no spin-orbit coupling (SOC) taken into account to find out the charge distribution of the system's ground state. Finally, the SOC was included and the non-self-consistent total energy of the system was determined when the orientation of the magnetic moments were set in-plane and out-of-plane, respectively.
By comparing the total energy difference between in-plane and out-of-plane magnetic orientations, we obtained the magnetocrystalline anisotropy energy (MAE). 41 The results are shown in another carbon atom is located on the hollow site, which is consistent with previous studies. 20 Thanks to this single atomic layer of graphene coating, the PMA [red full circles in Fig instead of in-plane anisotropy of pure Co case (a). The origin of this large anisotropy change can be attributed to the graphene coating caused redistribution of electronic density(electronic structure) on 3d orbitals of surface Co as shown by the projected density of states in (c) and (d) for pure Co and Co/Gr, respectively. The bonding between Co and graphene can also be seen from the charge difference, calculated by ∆ρ=ρ(Co/Gr)-ρ(Co)-ρ(Gr), as shown in the top-(e) and side-view (f) of the contour charge difference when ∆ρ = ±4 × 10 −3 e/Å 3 . The solid red clouds represent the charge accumulation, while the transparent green clouds represent the charge depletion. much as for the bare case for most Co thicknesses (see corresponding layer resolved contributions represented by blue bars in Fig. 1(e)-(j) ). In particular, it is interesting to consider the case of 3 ML Co film where PMA remains unaffected when only one surface is coated by graphene [ Fig. 1(d) ]. This is because the in-plane anisotropy of the 2 nd layer of the Co film is comparably enhanced as well by graphene coating, which compensates the enhanced PMA from the interfacial Co layer [black and red bars in Fig. 1(e) ]. Thus, the coating of graphene on one surface of the 3 ML-thick Co film does not improve the total PMA. However, when both surfaces are coated by graphene, the PMA surprisingly roars up to 2 mJ/m 2 , which is twice larger than that of bare 3 ML Co film [ Fig. 1(d) ]. The origin of this enhancement is that when both surfaces of the Co film are covered by graphene, the out-of-plane anisotropy of two interfacial Co layers are enhanced and at the same time, the middle layer of Co, which contributes to in-plane anisotropy in bare Co or Co/Gr cases, starts contributing to out-of-plane anisotropy [cf. black, red and blue bars in Fig. 1(e) ]. Therefore, in total, the PMA is almost doubled [ Fig. 1(d) ].
In order to elucidate further the mechanism of the PMA enhancement due to the presence of Fig. 2(b) ]. Now, MAE from hybridization 1 contributes to PMA, while the PMA from 5 is strongly reduced compared to the case of pure Co surface. As for hybridization states 3 and 4, the MAE does not change much, which is very similar to the case of Co sandwiched between heavy metals. 50 Thus, the PMA of Co atoms at the interface with graphene is strongly enhanced compared to that at the bare Co surface [see Fig. 1(f) ]. We note that our findings are fully consistent with the recently reported PMA enhancement in C 60 -covered 40 and graphene-coated Co surfaces. 29 As the most important anisotropy change induced by the presence of graphene on Co originates from hybridization between d yz and d z 2 orbitals, it is interesting to inspect the graphene's impact on the electronic states corresponding to the Co 3d orbitals. In Fig. 2(c),(d) we plot the projected density of states (pDOS) for surface Co atom in pristine and graphene coated Co films, respectively.
Graphene strongly affects the energy of the different orbitals, one very important change being an inversion of the energy levels of the Bloch states with 3d z 2 and 3d x 2 −y 2 character due to graphene. Namely, in pristine Co surface 3d x 2 −y 2 states are above 3d z 2 states (close to the Fermi level), while in case of Co/Gr these states are swapped yielding Co 3d z 2 states being above 3d x 2 −y 2 [see Fig. 2(c) and (d), respectively]. This is because the C 2p z states present at the Fermi level in case of pure graphene, strongly hybridize with Co orbitals in case of Co/Gr (mostly the 3d z 2 states ones for symmetry reasons), causing a shift of 3d z 2 states towards the Fermi level. In order to have a direct view of graphene and Co bonding, we also show a cross-section of the charge difference, ∆ρ, (Fig. 2(e) ,(f)) calculated by ∆ρ=ρ(Co/Gr)-ρ(Co)-ρ(Gr). We see that the charge accumulation (shown in red) is mainly between Co and graphene interface.
So far, we have discussed the behavior of the surface anisotropy, K S . However, it is very interesting and important to investigate the effective anisotropy K e f f in a view of direct comparison to experiments. Here, we calculate K e f f assuming the relation K e f f = K S /t − E demag , where t is the film thickness and E demag indicates the demagnetization field energy which represents the sum of all the magnetostatic dipole-dipole interactions up to infinity. 51 The critical thickness, t c , beyond which K e f f changes sign and thus the easy axis switches between perpendicular and parallel to the surface direction, is about 3.7 MLs (7.2Å) for a bare Co film [ Fig. 3(a) ]. When coated by graphene on one surface, it is increased up to 6.2 MLs (12.3Å), which is already comparable to that of Fe/MgO/Fe magnetic tunnel junctions. 51 More interestingly, t c will be further extended up to 12.5 MLs (24.9Å) in Gr/Co/Gr [ Fig. 3(a) blue stars]. Our findings are in good agreement with our experiments. The magnetic properties of Co thin films directly grown on Ir(111) or intercalated between graphene and an Ir(111) substrate have been explored using spin-polarized low-energy electron microscopy (SPLEEM), 52, 53 a technique available at the National Center for Electron Microscopy of the Lawrence Berkeley National Lab. 54 All samples were prepared in situ, under ultra-high vacuum conditions (base pressure in the 10 −11 mbar range), in the SPLEEM chamber. An Ir(111) single crystal was used as a substrate and cleaned following a well-established procedure. 55 (111) surface. 56 The in-plane and out-of-plane magnetic domain structures of the intercalated Co film is then revealed, while depositing. An example of SPLEEM images for the Gr/Co/Ir(111) system obtained at room temperature and at remanence is reported in Fig. 3(b) for a 18 ML-thick Co film. This super-exchange coupling mechanism is consistent with previous study. 57 One should note, however, that we found that two ferromagnetic Co layers next to graphene favors antiferromagnetic coupling through one carbon atom site while in Ref. 57 , the Co electrodes couple to each other through two carbon atoms, which is slightly less energetically favorable by about 8 meV compared to that through one carbon site. With these ground states, we found that both the surface anisotropy, K S , and the effective anisotropy, K e f f *t, linearly increase as a function of super-unit number m shown in Fig. 4 . This suggests that Co-graphene heterostructures possess a strong and robust effective PMA. Finally, we would like to point out that the effective PMA value for this heterostructure is more than 20 times stronger than that observed for Co/Pt multilayers. 5 In detail, one can see from comparison of K e f f *t for m=3 in Fig. 4 and Fig. 3(c 3 .
In conclusion, we demonstrated from both experiments and first-principles calculations that graphene can dramatically enhance the anisotropy of Co films. Our calculations showed that the critical thickness switching from out-of-plane to in-plane easy-axis can be extended up to 12 Å and 25 Å depending on coating graphene on one or both surfaces of Co films, respectively. Our ex- perimental study of magnetic anisotropy for Co/Ir and graphene/Co/Ir proved that graphene can strongly enhance the PMA of Co surface. The mechanism responsible for this anisotropy enhancement is unveiled by our layer-and orbital-hybridization-resolved analysis. Based on layer-resolved anisotropy analysis, we propose graphene-Co heterostructures and demonstrate that they possess a strong and robust effective PMA which linearly increases as a function of heterostructure thickness.
These findings point towards a possible engineering of giant anisotropy graphene-Co heterostructures, which stands as a hallmark for future spintronic information processing technologies.
